Elsevier Vitale, R.; Bevilacqua, M.; Bucci, R.; Magrì, A.; Magri, A.; Marini, F. (2013). A rapid and noninvasive method for authenticating the origin of pistachio samples by NIR spectroscopy and chemometrics. Chemometrics and Intelligent Laboratory Systems. 121:90-99. doi:10.1016/j.chemolab.2012.11.019. sensitivity and specificities, the only exception being the two categories Turkey and Iran, whose 36! heterogeneity resulted in a poorer specificity (anyway higher than 80%). In particular, the results
Introduction

50!
Pistachio (Pistacia vera L.) is a nut having peculiar organoleptic characteristics. It is widely 51! consumed as a raw or toasted snack or ingredient of many desserts, ice cream, cakes, pastry and for 52! the production of some sausages such as mortadella [1] . The genus Pistacia L. is a member of the 53! ! ! Anacardiaceae family and consists of at least 11 species. Among these species, Pistacia vera is the 54! only cultivated and economically important one [2] . It can grow in dry and hot areas and under 55! saline conditions [3] . Because of its marked resistance to extreme environmental (pedoclimatic and 56! hydrologic) conditions, it is cultivated in Europe and Asia on soils that are unsuitable for other fruit 57! crops [4] .
58!
The Pistacia vera tree is native to arid zones of central and west Asia [5] . Nowadays, only a few 59! major growing areas exist worldwide: the principal pistachio-producing countries of the world are, 60! in order, Iran, USA (California), Turkey, Syria, but to lesser extent, other countries, such as, Italy
61!
and India [2, 3, 6] , cultivate pistachios as well [7] .
62!
In Italy, only a single variety (Bianca) is grown [4, 8] and its cultivation is concentrated mainly in
63!
Bronte, an area around the Etna volcano, where the lava and climate allow the production of an 64! intensely green nut with a very aromatic taste that is highly prized on the international markets.
65!
Italian production is very poor in comparison to Asian and American ones; however, it is 66! compensated by the very high quality of the final products [5, 9] . Moreover, fee rates and national 67! laws on commodities of each producing country vary dramatically [7, 10] . So, pistachios variation in 68! quality, food safety (e.g., contamination by aflatoxins), import/export fees, legal implications, and 69! financial concerns makes determining the country of origin for pistachios important to protect the 70! consumers against potential fraud [7, 10, 11] . Moreover, given the fundamental economic 71! implications of any fraud, not only the consumers but also pistachio producers and traders are 72! moved to discover objective chemical techniques that can confirm food labels identifying 73! geographic indications [7, 10] . As a consequence, there is the need to develop analytical procedures, 74! which can provide a reliable authentication of the geographical origin of this product.
75!
In this framework, some works have already been published in the literature concerning the geographical origin of the product [1, 7, 11] . Lastly, differences in the profiles of inorganic anions, honey [22] . However, to our knowledge this approach has never been tried before to trace the origin 99! of pistachio nut samples.
100!
Therefore, the aim of the present work is to investigate the possibility of using NIR spectroscopy 101! coupled to chemometric classification methods to build a rapid, relatively cheap and non-invasive experimental setup allowing the spectroscopic determinations to be carried out directly on the nuts, 105! without any sample pretreatment steps was designed. Furthermore, from a data processing 106! standpoint, both a discriminant and class-modeling chemometric approaches (by means of the 107! algorithms PLS-DA and SIMCA, respectively) were used. Special care was also taken in the choice 108! of the suitable method of signal spectral pretreatment prior to the construction of the models.
109!
110!
Materials and methods
111!
Samples
112!
Pistachio nut samples from 6 different countries -the four main producers (Iran, USA, Turkey, and 113! Syria) and two of the smaller but still relevant ones (India and Italy) -were collected and analyzed.
114!
In particular, the Italian samples were all coming from the Protected Designation of Origin (PDO) 115! "Pistacchio Verde di Bronte" (Bronte, Sicily). In all cases, samples were obtained from different 116! sources and suppliers, chosen to be as representative as possible of the different production areas.
117!
Pistachio nuts were stored in a refrigerator at 4 °C and protected from light until the day prior to 118! analysis, to prevent any kind of surface modification and photodegradation of their molecular considered in the present study, samples belonging to the first category will be described by the Variable Importance in Projection (VIP [33] ), a value that expresses whether a predictor is 176! significant in the definition of the F latent vectors model for the prediction of a particular response.
177!
Mathematically, it is defined according to the formula: [29, 30] 192!
Soft Independent Modeling of Class Analogies (SIMCA)
As stated above, the core of the class modeling approach is that each category is modeled calculated from raw spectra.
230!
As, when dealing with supervised methods, validation of the models on an independent test set is of 231! paramount importance to unbiasedly assess their predictive ability and performances, the whole 232! data set made of 483 samples was then divided into training and test sets (the former to build the 233! models, the latter to validate them). In order to maintain the same diversity in both sets, a sample the considered set. To determine which object is the farthest one, a so-called maximin criterion,
241!
which is the same as in the Kennard and Stone algorithm [36] , is used: the Euclidean distance 242! between each candidate object and its closest neighbor already in the considered subset is computed 243! and the object for which this distance is maximal is added.
244!
In order to ensure that each of the 6 classes was adequately represented, the selection was 
PLS-DA analysis
268!
In a first stage of our study, classification models were built according to a discriminant approach 269! using the PLS-DA algorithm. In particular, each of the 8 data sets corresponding to the different 270! spectral pretreatments was processed individually, after mean centering. In each case, the optimal 271! complexity of the classification models was chosen as the one which led to the minimum overall 272! classification error in cross-validation (10 cancelation groups). The results are summarized in Table   273 detrending results in non error rates in cross-validation higher than 93% with the only exception of
280!
Iran, for which it is anyway slightly less than 90%.
281!
This optimal model was then validated on the external test set, and the results are reported in Figure   282 ! 3, where the values of the 6 components of the predicted y vector are reported for each sample.
283!
Assignation of an unknown sample to one of the 6 investigated categories is made based on the 
302!
In order to identify the spectral frequencies which contribute the most to the discriminant model,
303!
VIP scores [33] were computed and examined: as already described in section 2.3.1, VIP is an it is scaled in such a way that indices having VIP larger than 1 are considered to be significant.
306!
Information on the VIP score was integrated with the examination of the regression coefficient for (which are also summarized in Table 3 ) correspond to spectrally meaningful frequencies, and that
315!
while most of the spectral intervals are common to all the investigated categories, there are also 316! some significant differences. In particular, the spectral regions that appear to be relevant for all the 317! categories involve the peaks at around 4500-5000 cm −1 , which may be attributed to combination detrending, which allowed to achieve the highest values of sensitivity and specificity for all the 345! categories. Indeed, most of the class models result in a perfect sensitivity and a rather good 346! specificity in calibration while, in the cross-validation phase, sensitivity decreases significantly for 347! many of the considered pretreatments. Besides, irrespectively of the pretreatment, the models for (MSC+detrending) were applied to the external test set, very good results were obtained (Table 4) .
357!
Indeed, sensitivity and specificity values for the validation samples were over 80% for most of the particularly Turkey and Iran, have lower specificity.
367!
When more than one category is modeled, it is possible to check whether the samples are accepted
368!
by one, more than one or none of them. This could be useful in order to turn SIMCA into a could see that for the class Bronte a non-error rate in prediction higher than 95% was obtained.
395!
Additionally, by inspecting the plots in Figure 3 it can be observed that only a very low number of 396! samples from other categories are erroneously predicted as belonging to Bronte.
397!
As far as SIMCA is concerned, the results in Table 3 indicate that the model of the category Bronte 398! has very high sensitivity and specificity in prediction, as requested for a reliable traceability model.
399! 400!
Conclusions
401!
In this study, the potential of NIR spectroscopy coupled to chemometric discriminant and class- 
